The contribution of epigenetic processes, which regulate the packaging of the genome into heritable somatic cell states, to disease pathogenesis has become readily apparent over the last two decades. Indeed, there has been extraordinary growth in the field, with the number of publications discussing epigenetics growing from approximately 100 in 1992 to well over 18,000 in the last year (1). To a large extent, the revolution in epigenetics has been driven by high-throughput sequencing and enhanced computational approaches that allow researchers to examine global changes in gene expression in relation to the status of epigenetic modification. The application of this knowledge to medicine has the potential to transform the treatment and prevention of cancer because pathologic epigenetic gene silencing is an almost universal feature of human malignancies (2) . Drugs that target the epigenome are beginning to show traction as viable treatment options for patients with hematologic and solid tumors, and hundreds of clinical trials are underway to explore this new frontier.
Epigenomics, which is a branch of genomics, links the genome to function and can be thought of as software that mediates appropriate gene expression at the right place and time. The stability and heritability of the epigenome is achieved to a large extent by interactions between covalent marks on both the DNA and histone components of chromatin. These marks are applied by enzymes known as "writers," interpreted by proteins called "readers," and removed by other enzymes called "erasers." These enzymes function to communicate to chromatin remodelers, which use ATP or other energy sources to either open or close the DNA so that genes are accessible to the transcriptional machinery.
A completely unexpected outcome of the mutational and epigenetic maps of about 10,000 human tumors produced by The Cancer Genome Atlas (TCGA) Project discussed by Daniel Weisenberger (3) is that many have mutations in the proteins that constitute and modify the epigenome. While the frequencies vary, every tumor without exception has modifications in DNA methylation patterns indicative of an altered epigenome, and the vast majority of tumors harbor both genetic and epigenetic abnormalities.
There are increasing links to functional interactions between these alterations. This knowledge base has been complemented by the NIH-sponsored ENCODE and Epigenomics Roadmap Projects, which provide us with invaluable maps of how genes are organized and controlled in developing and adult human tissues (4). These next-generation sequencing and bioinformatic approaches have radically transformed our understanding of tumor biology. We now know that changes in gene packaging and thus gene control contribute to cancer and quite possibly to other diseases as well.
Just as genetics is central to the evolution of organisms through the germ line, epigenetics is essential for the inheritance of traits in somatic cells. However unlike gene mutations, which are transmitted through the germ line and therefore require reproductive cycles of many years for mutational consequences to manifest, epigenetic processes including DNA methylation are inherently more plastic, even though these modifications are heritable in somatic cells. This plasticity is readily apparent in the aging epigenome, as discussed by Jean-Pierre Issa (5) . These gradual changes in the epigenome, as seen in DNA methylation patterns, could potentially result in the eventual loss and gain of function of key genes essential for the life and death of a cell. This epigenetic drift may well contribute also to the inactivation of key tumor suppressor and other cancer-related genes, resulting ultimately in the formation of cancer as a function of age.
Many epigenetic processes are orchestrated by enzymes and therefore are fundamentally druggable, which provides emerging targets for a whole new range of pharmaceuticals (see Targets of epigenetic therapies in cancer). The first drugs to be approved by the FDA for this purpose were the histone deacetylase inhibitors (HDACis), which by inhibiting the erasers of an active acetyl histone mark can potentially increase the expression of genes silenced by oncogenic epigenetic processes. Allison West and Ricky Johnstone discuss the development of new HDACis, which are beginning to show success in the clinic (6) .
The field of epigenetic therapy has been driven to a large extent by the use of the inhibitors of DNA methylation 5-azacytidine (Vidaza) and 5-aza-2′-deoxycytidine (Dacogen), which were synthesized in Prague in the 1960s (7). While we have known for many years that these compounds are powerful inhibitors of DNA methylation and inducers of gene expression and differentiation (8) , it has taken almost 40 years to obtain approval for their use in the clinic, where they are now the standard of care for the treatment of myelodysplastic syndrome (9) . The unsung hero in the clinical development of these agents is Lewis Silverman who, along with his colleagues, discusses this arduous process in their Review (10) . A key impediment to their success in hematological malignancies was the necessity to use these compounds at low doses to avoid off-target effects. It was largely due to the persistence of Silverman as well as the efforts of other leaders in the field, such as Hagop Kantarjian, Pierre Fenaux, and Michael Lübbert, that clinical success was finally achieved in the face of much skepticism (9, 11, 12) . There are also encouraging developments in the clinical deployment of next-generation DNA methylation inhibitors such as SGI-110 (13) .
Another factor delaying the use of these compounds has been the lack of molecular markers that predict the response of patients to DNA demethylation therapy. The current state of the field is discussed by Kirsten Grønbaek and colleagues (14) ; while there are some promising leads, it is quite clear that we have a long way to go before we can predict which patients are likely to respond to this exciting new therapeutic approach. Much more work is needed to identify and validate appropriate biomarkers, and it is somewhat disappointing that such markers are not readily available even though altered DNA methylation is now used clinically to detect, diagnose, and prognosticate cancer.
The success of epigenetic therapies in hematologic malignancies has rekindled the desire to deploy these compounds in the treatment of solid tumors. Historically these drugs have shown limited efficacy in the treatment of solid tumors, but Stephen Baylin and colleagues review exciting new developments in treating common solid tumors with combinations of DNA methylation and HDACis (15) . At present, it appears that epigenetic therapies are unlikely to succeed by themselves and are probably best combined with other modalities, such as standard chemotherapy or immunotherapy. A key factor that makes epigenetic therapies so attractive in these tumors is the realization that cancer is a genomic disease, meaning that these drugs are able to target the cancer genome in its entirety. Thus, the abilities of HDACis and DNA methylation inhibitors to cause global alterations in the epigenome may be a significant advantage. This notion runs counter to approaches using targeted therapies with inhibitors of narrow specificities to acquired mutations, which in principle may be more subject to acquired resistance. Because epigenetic processes can be altered at frequencies several orders of magnitude higher than those associated with genetic mutations, it is very likely that cancer cells exploit epigenetic regulation to activate key cellular pathways that are responsible for cancer cell survival. These pathways may well include drug resistance, inhibition of stem cell differentiation, immune surveillance, and many others. Thus, drugs that target epigenomic processes may have great therapeutic potential in the future.
Robert Campbell and Peter Tummino explore the development of exciting new drugs that target other readers, writers, and erasers, such as enhancer of zeste homolog 2 (EZH2) inhibitors, bromodomain and extra-terminal (BET) inhibitors, and DOT1-like histone H3K79 methyltransferase (DOT1L) inhibitors, and present a discussion of developing new therapies from the perspective of the pharmaceutical industry (16) . The plethora of mutations that
Targets of epigenetic therapies in cancer
DNA methyltransferases DNA methylation in CpG island promoters is associated with gene repression, and cancer cells frequently exhibit hypermethylation of genes involved in tumor suppression, cell cycle control, and DNA repair. Low-dose, sustained use of DNA methyltransferase (DNMT) inhibitors has shown efficacy, and DNMT inhibitors are approved for use in myelodysplastic syndrome. Next-generation DNMT inhibitors and oral formulations are under development.
Histone deacetylases
Histone deacetylases (HDACs) are a family of enzymes that remove acetyl groups from histones. HDACs are frequently overexpressed in cancer and are associated with aberrant gene expression. Two HDACis have received FDA approval for refractory cutaneous T cell lymphoma, and others are in development.
BET proteins
The BET proteins, including bromodomain-containing 3 (BRD3) and BRD4, bind to acetylated histones to promote transcription. A fusion protein of BRD4 and nuclear protein in testis (NUT) is thought to promote oncogenic gene expression in NUT midline carcinoma (NMC). A BET inhibitor is currently in clinical trials for NMC, and other selective inhibitors have shown activity in preclinical studies.
DOT1L
DOT1L is a histone methyltransferase that targets histone H3 at lysine 79. A fusion protein of mixed-lineage leukemia (MLL) and DOT1L drives altered gene expression in several different leukemias, including MLL and infant leukemia. DOT1L inhibitors are currently in clinical trial in patients with rearrangement of the MLL gene.
EZH2
EZH2 is the catalytic component of the polycomb repressive complex 2, which mediates gene repression through H3K27 methylation. Oncogenic EZH2 mutations that promote enzymatic activity have been found in diffuse large B cell lymphomas and follicular lymphomas. EZH2 inhibitors have shown preclinical efficacy for lymphomas.
have been observed in genes modifying the epigenome (as discussed by Weisenberger; ref.
3) validate the approach of using inhibitors of epigenetic processes for drug development. Importantly many of the observed mutations occur in enzymes, which are far easier to target than other proteins such as transcription factors. Thus, epigenetic drugs can be utilized to change the transcriptional output of a cancer cell. Almost all of the major pharmaceutical companies and many start-ups have therefore embarked on ambitious and aggressive programs to develop a new series of drugs that should offer a great potential for the next generation of cancer therapeutics.
We are therefore at a tipping point in the area of clinical epigenetics. We have the maps, the assays, the drugs, and some very robust patient responses to encourage us to move aggressively forward in taking advantage of the rampant epigenetic lesions discussed in this series, in order to improve survival of our patients.
